Epitaxial Tl 2 Ba 2 CaCu 2 O 8 thin films with excellent electrical transport characteristics are grown in a two-step process involving metal-organic chemical vapor deposition (MOCVD) of a BaCaCuO(F) thin film followed by a postanneal in the presence of Tl 2 O vapor. Vapor pressure characteristics of the recently developed liquid metal-organic precursors Ba(hfa) 2 • mep (hfa hexafluoroacetylacetonate, mep methylethylpentaglyme), Ca(hfa) 2 • tet (tet tetraglyme), and the solid precursor Cu(dpm) 2 (dpm dipivaloylmethanate) are characterized by low pressure thermogravimetric analysis. Under typical film growth conditions, transport is shown to be diffusion limited. The transport rate of Ba(hfa) 2 • mep is demonstrated to be stable for over 85 h at typical MOCVD temperatures (120 ± C). In contrast, the vapor pressure stability of the commonly used Ba precursor, Ba(dpm) 2 , deteriorates rapidly at typical growth temperatures, and the decrease in vapor pressure is approximately exponential with a half-life of ϳ9.4 h. These precursors are employed in a low pressure (5 Torr) horizontal, hot-wall, film growth reactor for growth of BaCaCuO(F) thin films on (110) LaAlO 3 substrates. From the dependence of film deposition rate on substrate temperature and precursor partial pressure, the kinetics of deposition are shown to be mass-transport limited over the temperature range 350-650 ± C at a 20 nm͞min deposition rate. A ligand exchange process which yields volatile Cu(hfa) 2 and Cu(hfa) (dpm) is also observed under film growth conditions. The MOCVD-derived BaCaCuO(F) films are postannealed in the presence of bulk Tl 2 Ba 2 CaCu 2 O 8 at temperatures of 720-890 ±
I. INTRODUCTION
With the discovery of high temperature superconducting (HTS) materials, there has been great interest in applications to thin film electronic devices such as Josephson junctions for magnetic field detection [1] [2] [3] or ultrafast computation, 4, 5 for interconnects in multichip modules, 6, 7 and in bolometric detectors. 8, 9 Also of interest are applications in passive microwave devices such as delay lines and filters that utilize the inherently low surface resistance of HTS materials. [10] [11] [12] [13] [14] This latter technology is likely to be a large-scale application of HTS thin films and would significantly impact cellular telecommunication. 15 Numerous laboratory examples of such microwave devices have been demonstrated for YBa 2 Cu 3 O 72x films. [16] [17] [18] [19] [20] [21] The Tl m Ba 2 Ca n1 Cu n O 2(n11)1m (TBCCO) superconductors 22 have also attracted interest for use in microwave devices due to the high critical temperatures (up to 125 K). To date, the lowest HTS film surface resistances (R s values as low as 0.024 mV at 5 K, 10 GHz) have been reported for Tl 2 Ba 2 Ca 2 Cu 3 O 10 (Tl-2223) films. 23 Tl 2 Ba 2 CaCu 2 O 8 (Tl-2212) films (T c 108 K, surface resistances as low as 0.025 mV at 5 K, 10 GHz) are also of interest because of the greater phase stability versus Tl-2223, 24 Thin Tl-2212 films with very low R s values have been grown by laser ablation, [25] [26] [27] sputtering, 24, [28] [29] [30] [31] and metal-organic chemical vapor deposition (MOCVD). 32, 33 Several TBCCO delay line and resonator devices using films derived from physical vapor deposition (PVD) growth processes have been demonstrated. 30, [34] [35] [36] With regard to large-scale HTS film growth, MOCVD processes offer the attraction of simplicity of apparatus, independence from line-of-site deposition, ability to coat large areas and complex shapes, benefits of high throughput, and possibility of film growth under highly oxidizing conditions. The application of MOCVD to HTS materials has been recently reviewed. [37] [38] [39] [40] Though several reports on the growth of Tl-2212, [41] [42] [43] [44] Tl-2223, 45, 46 and Tl-1223 47, 48 films by MOCVD have appeared, metal-organic precursor characteristics, film growth mechanisms, phase formation processes, and the device suitability of the resulting Tl-2212 films have yet to be investigated in depth. Although there is one report of bandpass filter fabrication using MOCVD-derived Tl-2212 films on metallic substrates, performance is not detailed, and R s is relatively high (18 mV at 35 GHz, 88 K). 32 Hence, there is a need to characterize TBCCO MOCVD processes in detail and to investigate the microstructural and transport properties of the resulting films.
MOCVD processes are by nature complex, and a number of important issues must be addressed regarding applications to HTS materials. 49, 50 Crucial is the development of suitably volatile metal-organic precursors. Particularly problematic are electropositive metals with large ionic radii and coordination numbers, such as Ba 21 and Sr 21 , which are difficult to coordinatively saturate without forming involatile oligomers. The commonly used Ba MOCVD precursor, "Ba(dpm) 2 " (dpm dipivaloylmethanate), relies on the steric encumbrance of the dpm ligand to impede oligomerization typical of high Ba 21 coordination numbers (9) (10) . This approach is marginally effective, 59 resulting in the formation of poorly volatile oligomers at temperatures approaching the decomposition temperature (240 ± C), and suffers from poor vapor pressure stability. [51] [52] [53] [54] [55] [56] [57] [58] [59] Without a stable metal source pressure, MOCVD film growth processes become uncontrollable. Another synthetic approach is to saturate the metal coordination sphere with an ancillary, neutrally charged Lewis base (e.g., a polyether). However, this requires the use of electron-withdrawing b-diketonate ligands (e.g., hfa hexafluoroacetylacetonate) to generate sufficient metal acidity. 45, 60 Thus, Ba(hfa) 2 • tet (tet tetraglyme) has been shown to exhibit substantially increased vapor pressure 61 over Ba(dpm) 2 , and utility has been demonstrated in MOCVD growth of HTS materials. 45 With regard to precursor characterization, equilibrium vapor pressure is difficult to measure accurately, and there is a need to develop methods that can efficiently and accurately characterize precursor volatility in terms of nonequilibrium vapor pressure, diffusion coefficient, and long-term stability under film growth conditions. In addition to precursor development and characterization, there is a need to understand the chemisorption/decomposition mechanisms involved in forming crystalline oxide thin films. Growth kinetics have been approximately determined for YBa 2 Cu 3 O 72x deposition using dpm-based precursors. 50, 62, 63 However, to date little is known about the kinetics or film growth mechanisms for fluorinated MOCVD precursors under reaction conditions used for HTS film growth.
A further challenge in TBCCO film growth lies in understanding the inherently complex phase relationships of the TBCCO superconductor family which arise from the volatility of Tl 2 O. In a convenient open flow thallination process as implemented here, variables such as O 2 pressure, growth temperatures, and heating rates can be explored. The challenge is to develop a reliable synthetic scheme for forming phase-pure Tl-2212 films with optimized transport and R s properties.
Discussed here is a detailed account of an MOCVD process for the growth of high-quality Tl-2212 thin films. Volatile MOCVD precursors, including the recently developed liquid precursor Ba(hfa) 2 • mep (mep methylethylpentaglyme), 64 are characterized by an efficient, reduced-pressure TGA (thermogravimetric analysis) technique. This method quickly and reliably characterizes precursors in terms of vapor pressure, diffusion, and thermal stability under MOCVD growth conditions. An efficient MOCVD reactor is described and is used to study the kinetics of BaCaCuO(F) film growth on LaAlO 3 . In the study of BaCaCuO(F) thin film deposition, by-products are trapped and analyzed by mass spectrometry, revealing competing ligand exchange processes. An effective open flow thallination/annealing scheme for BaCaCuO(F) precursor thin films is implemented for the formation of high-quality, epitaxial Tl-2212 films with excellent transport and microwave R s properties. These films are characterized by x-ray diffraction, scanning and transmission electron microscopy, profilometry, magnetic hysteresis, dc electrical transport, and microwave surface resistance.
II. EXPERIMENTAL

A. Metal-organic precursors
Ba(hfa) 2 • mep, 64 Ca(hfa) 2 • tet, and Cu(dpm) 2 (hfa hexafluoroacetylacetoneate, dpm dipivaloylmethanate, mep methylethylpentaglyme, tet tetraglyme) were prepared as described in the literature 65 from high purity (99.999%) metal salts. Purity was confirmed by 1 H NMR analysis and melting point. For comparative sublimation studies, Ba(dpm) 2 was synthesized under anhydrous conditions from the reaction of Ba metal with Hdpm in THF solution, with subsequent removal of solvent and excess ligand. 66 Ba(dpm) 2 was stored under a N 2 atmosphere in a glove box.
B. TGA characterization
Precursor evaporation rates were measured with a TA Instruments STD 2960 simultaneous thermogravimetric-differential thermal analysis (TGA-DTA) apparatus using the experimental configuration shown in Fig. 1 . The TGA-DTA experiment directs a horizontal carrier gas flow across 3.60 mm deep 3 3.69 mm diameter alumina sample pans mounted on microbalance arms. Precursor powders were loaded and compressed to fill the sample pans which were then weighed. Approximately 1͞3 of the sample weight was then removed and the remainder weighed to provide a defined diffusion distance. The system pressure was adjusted via control of the purified grade N 2 flow rate (50-100 sccm) and by a throttle valve connected to a 14 cfm direct drive Fisher Maxima D16A vacuum pump. Pressure was measured with an MKS 122AA capacitance manometer. Evaporation rates at a given temperature were determined from the derivative of sample weight with respect to time during a temperature ramp of 1.5 ± C͞min from 80-250 ± C.
C. MOCVD film growth
The research MOCVD reactor used in this study (Fig. 2) is of a horizontal design. Metal-organic precursor reservoirs are individually heated by thermostated oil baths, and argon carrier flows are mixed in a common manifold. Precursors are maintained in vacuo or under atmospheric pressure of argon while being heated, to prevent reaction with atmospheric moisture. For uniformity of deposition rate over large substrate areas, a quartz laminar flow chamber is utilized. The 3 : 1 aspect ratio of cross section width-to-height (6.0 3 2.0 cm) in this flow chamber reduces thermal buoyancy effects, thus enhancing the stability of the carrier flow. 67 A SiCcoated graphite susceptor is positioned at the end of the flow chamber and is angled at 8.7
± to aid uniformity of deposition along the length of the substrate. The susceptor is heated by a 6 kW, water-cooled IR (infrared) lamp (Research Inc.), and temperature is monitored with a K-type thermocouple on the surface of the susceptor. Table I . To determine film stoichiometry and deposition rates, the metal content of the 1.0 3 1.0 cm 2 BaCaCuO(F) films is assayed by dissolvation in an aqueous 1.0 M HNO 3 solution. The metal content is then determined using an AtomScan 25 ICP atomic emission spectrometer monitoring the Ba 455.4 nm, Ca 393.3 nm, and Cu 324.7 nm lines at a plasma power of 1150 W. Analysis uses a 2-point calibration curve with standards near 50 mm concentration. The stoichiometries found for different films located at different places over the entire 5.0 3 5.0 cm area of the susceptor are identical to within the precision of the ICP assay (63%).
D. Precursor by-product trapping study
In the by-product trapping study, a 0 ± C trap was placed in the reactor bypass line 10 cm downstream from the bypass valve as shown in Fig. 3 . A small tube furnace maintained at 400 ± C was placed around the bypass line between the bypass valve and the trap to simulate reactor conditions. The same precursor temperatures and gas flows as in Table I were employed with the exception of the oxidizer gas flow. Three trials of varying oxidizer gas flow were performed: one with 100 sccm O 2 Due to the high volatility and extreme reactivity of Tl 2 O, it is difficult to grow TBCCO films using an in situ process (i.e., one not requiring a postanneal). The present MOCVD-derived precursor BaCaCuO(F) films were thus reacted with an equilibrium pressure of Tl 2 O vapor originating from a bulk TBCCO pellet maintained at a constant temperature between 720 and 900 ± C. The 1.0 g pressed pellet (1.0 cm diameter 3 3.0 mm thick) was prepared from presintered Tl 2 O 3 , BaO, CaO, CuO powders (Aldrich) with Tl : Ba : Ca : Cu stoichiometry ratios of 2 : 2 : 1 : 2. The film was supported face down over the pellet with a gold foil mount and crimp-sealed FIG. 3 . Schematic of the apparatus employed to trap metal-organic by-products produced from Ba(hfa) 2 • mep, Ca(hfa) 2 • tet, and Cu(dpm) 2 X-ray diffraction u-2u and u rocking curve data were collected with a Rigaku DMAX-A diffractometer using Ni-filtered Cu K a radiation. In-plane f scans utilized a Troyke 4-circle goniometer with Cu K a radiation. Film thickness and surface roughness were measured with a Tencor P10 profilometer. A Hitachi 4500 SEM, equipped with a Tracor EDX detector having a light element window and a Cambridge Scientific ZAFS analysis system using internal standards, was utilized to study film morphology and elemental composition. Cross-sectional transmission electron microprobe (TEM) samples were prepared by conventional techniques. Superconducting films were sandwiched between Al 2 O 3 single crystal substrates using M-bond 610 epoxy and mounted in 3 mm O.D. stainless steel tubing. Samples were then sliced, ground, and dimpled. Final thinning to perforation was carried out by ionmilling using Ar at 4 kV and liquid N 2 cooling to minimize damage. The TEM studies were carried out on a JEOL 4000EX electron microscope at 400 keV.
Magnetic susceptibility measurements were made using a Quantum Design MPMS SQUID magnetometer. Hysteretic moments were measured with applied fields between 245,000 and 45,000 G. Critical temperature, T c , and critical current, J c , data were measured on 80 mm wide patterned bridges using the 4-point probe FIG. 4 . Diagram of the annealing scheme used to form films of the Tl-2212 superconductor. The large bulk pellet acts as a source for a near-equilibrium vapor pressure of Tl 2 O. instrumentation described elsewhere. 68 Transition temperatures (T c ) were also obtained using a noncontact inductive technique. In these measurements, a computercontrolled lock-in amplifier (PAR model 5301) operating at 1.1 kHz was used to monitor the impedance of an inductor coil, placed in close proximity to the sample during a temperature sweep. 69 The transition temperature (T c ) was identified as the temperature at which the imaginary component of the voltage across the inductor began to decrease strongly from the value above the transition. The sample temperature was monitored with a calibrated temperature sensor diode, and the data collected during cooling and warming were in good agreement. For J c bridges, films were photolithographically patterned using Shipley 1822 positive photoresist and a saturated aqueous EDTA (EDTA ethylenediaminetetraacetic acid) etchant solution.
Surface resistance measurements were obtained using the parallel plate resonator technique. 70 A 12.5 mm thick piece of Teflon TM (DuPont) was placed between the faces of two Tl-2212 films to form a resonator. The resonator was placed in a sealed cryogenic probe and the assembly was cooled inside a liquid He storage dewar. 71 An HP 8510 Network Analyzer was inductively undercoupled to the parallel plate resonator, and the surface resistance was calculated from the measured quality factor: R s (pm 0 fs͞Q) where m 0 is the permeability of free space (4 p 3 10 27 H͞m), f is the resonant frequency, s is the thickness of the dielectric spacer (12.5 micron), Q is the measured quality factor, and R s is the average surface resistance of the two films. Finally, the surface resistance values were shifted to a comparison frequency of 10 GHz by assuming a frequency squared dependence.
III. RESULTS
A. Metal-organic precursor design and characterization
An effective ligand design strategy to form volatile, monomeric complexes of Ba 21 and Ca 21 is to saturate the bis(b-diketonate) coordination sphere with polyether ancillary ligands. This strategy was implemented in the qualitatively volatile, thermally stable precursors Ba(hfa) 2 • mep and Ca(hfa) 2 • tet shown in Fig. 5 . However, precursor volatility and thermal stability must be characterized quantitatively and ideally under MOCVD growth conditions. This is accomplished in the present study by measuring the precursor evaporation rate into a horizontal flowing carrier gas under a reduced pressure, using the TGA instrumentation schematically shown in Fig. 1 . This vacuum TGA method to measure precursor volatility has not been previously described, and the analysis is discussed in detail below. Typical weight loss and rate of sublimation data [for Cu(dpm) 2 in this FIG. 5 . Precursor molecules utilized in the MOCVD deposition of BaCaCuO(F) thin films. Ba(hfa) 2 • mep (hfa hexafluoroacetylacetate, mep methylethylpentaglyme), Ca(hfa) 2 • tet (tet tetraglyme), and Cu(dpm) 2 (dpm dipivaloylmethanate). The Ba and Ca precursors are liquid under typical film deposition conditions. case] are illustrated in Fig. 6 (a). The rate of sublimation in (mmol͞m 2 s) is calculated from the derivative of sample weight with respect to time divided by precursor molecular weight and sample pan top cross-sectional area. Figure 6 ( b) shows an Arrhenius plot of sublimation rate vs 1͞T. Note that at higher temperatures, the data deviate somewhat from linearity. It is unlikely that there is a strong dependence of the enthalpy of sublimation on temperature, and it will be seen that this arises from diffusion effects (vide infra). Figure 7 (a) shows that for a representative precursor, the rate of evaporation is significantly reduced as the ambient pressure is increased, which indicates that precursor diffusion into the carrier gas stream is a limiting factor in precursor transport. With diffusion effects being important under these conditions, the distance the precursor must travel from the surface of the powder to the crucible top becomes a significant factor in transport rate. sintering is not the dominant cause of transport rate decline for the powdered precursor.
To model the precursor sublimation rate behavior, the measured weight loss rate is set equal to precursor flux from the top of the pan into the horizontally flowing carrier stream (j x ). It is assumed that this rate is proportional to the pressure of precursor in the plane at the top of the pan (P x ) and to the diffusion coefficient (D) [Eq. (1)], where K is a constant dependent on the crucible top place geometry with respect to the carrier stream using a two-film description. 72 At
low temperature ramp rates, steady-state conditions should obtain and j x will equal the flux of precursor from the surface of the powder to the top of the pan. This flux is described by Fick's first law of diffusion [Eq. (2)]. Substituting P x from Eq. (1) into Eq. (2) yields Eq. (3), where P E is the precursor equilibrium vapor pressure at the surface of the powder, and x is the distance from
the powder surface to the top of the pan. A twoparameter fit of experimental j x vs x data yields the product DP E and K. The solid line in Fig. 7 ( b) shows a two-parameter fit to Eq. (3) for the Cu(dpm) 2 sublimation data. This single experiment cannot deconvolute intrinsic vapor pressure and diffusion effects. However, from the known equilibrium vapor pressure of Ba(hfa) 2 • tet determined by manometric measurements, 61 the resulting diffusion coefficient for this complex is calculated from DP E to be 1.5 3 10 22 m 2 ͞s at 115 ± C, 5 Torr N 2 . To correct for diffusion effects as the sample height changes during the temperature ramp, evaporation rates can be normalized to a constant diffusion distance (chosen as 50% of the pan height, 1.7 mm) using Eq. (4), where R dc is the diffusion-corrected evaporation rate (mmol͞m 2 S), R obs is the observed evaporation rate, w is the sample weight, and w i is the initial sample weight. This correction factor is a linear approximation of the curve in Fig. 7(b) ,
which can be applied to diffusion distances of 1.0 -3.0 mm. Errors in estimated sublimation rate from this approximation are ϳ 65% at diffusion distances of 1.0 -3.0 mm. This treatment yields approximately linear Arrhenius plots of ln͑R dc ͒ vs 1͞T (Fig. 8 ). Significant diffusion effects can also be seen in the magnitude of slopes of Arrhenius plots for Ba(hfa) 2 • tet which yield activation energies for the sublimation process at various pressures. These fall drastically as pressure is decreased, as Table II shows. Since diffusion coefficients are generally thermally activated, the apparent activation energy for the sublimation process would be expected to be the sum of the intrinsic vaporization enthalpy and diffusion activation energy terms. As seen in Table II , these values are incrementally higher than the enthalpy of vaporization as measured in a static equilibrium experiment. Thus, at higher total pressures the sensitivity of the precursor sublimation rate to temperature is greater due to diffusion effects. The relative volatilities of some common HTS MOCVD precursors expressed in terms of Arrhenius plots for sublimation are shown in Fig. 8 . Corrections for diffusion effects from sample height during heating are made using Eq. (4). Inflections in slopes are due to precursor melting. Note that fluorinated Ba(hfa) 2 • tet and Ba(hfa) 2 • mep sources are far more volatile than Ba(dpm) 2 , and that they sublime at temperatures far below the respective decomposition temperatures. For example, Ba(hfa) 2 • mep exhibits an evaporation rate of 0.14 mmol͞m 2 s at 116 ± C while commonly used Ba(dpm) 2 requires a temperature of 200 ± C to achieve the same sublimation rate at 5 Torr total N 2 pressure.
To demonstrate the stability of Ba(hfa) 2 • mep and Ba(hfa) 2 • tet vapor pressure characteristics compared to those of Ba(dpm) 2 , evaporation rates were measured (including a diffusion distance correction) over the course of 4.0 days at typical precursor temperatures used in HTS film growth. The TGA chamber was backfilled to atmospheric pressure with purified N 2 between measurements to minimize weight loss (since the diffusion of the precursor at atmospheric pressure is negligible). As is readily apparent in Fig. 9 , the fluorinated alkaline earth precursors have much improved vapor pressure temporal stabilities over Ba(dpm) 2 , which decomposes substantially over the course of 20 h. A fit to the Ba(dpm) 2 sublimation rate data is approximately exponential with a half-life of ϳ9.4 h, while Ba(hfa) 2 • mep exhibits negligible decay (,5%) within the reproducibility of the measurement over a period of 85 h at 120 ± C.
B. MOCVD film growth and deposition mechanism
With MOCVD precursors having stable vapor pressures, as demonstrated by reduced pressure TGA characterization studies, it is possible to grow BaCaCuO(F) FIG. 9 . Reduced pressure TGA sublimation rate stability data for Ba(hfa) 2 • mep and Ba(hfa) 2 • tet compared to commonly used Ba MOCVD precursor Ba(dpm) 2 . The sublimation rate is measured at 5 Torr total pressure with samples at the indicated temperatures and adjusted for diffusion distance. Between data points, the TGA instrument was backfilled with 1.0 atm of N 2 , resulting in negligible sublimation. The curve shown is an exponential fit to the Ba(dpm) 2 data points.
thin films in a controlled manner and to study the growth mechanism. Of particular interest is defining the kinetics of BaCaCuO(F) film deposition utilizing these novel precursors and ascertaining whether deposition is limited by precursor mass transport or by adsorbate molecule decomposition. In many MOCVD processes, the rate of deposition is limited by transport of the precursor to substrate, not by the kinetics of decomposition of the chemisorbed species. 62, [73] [74] [75] To determine if the kinetics are mass transportlimited, it is necessary to consider the relationship of precursor partial pressure to film deposition rate. For simplicity and initial exclusion of precursor synergistic effects, a study of BaF 2 deposition rate as a function of precursor partial pressure for Ba(hfa) 2 • mep alone was undertaken (Fig. 10) . As the carrier flow through the Ba(hfa) 2 • mep precursor reservoir is increased from 0 to 150 sccm (with constant total carrier flow over the reaction zone), the BaF 2 deposition rate increases with carrier flow to the 0.7 6 0.05 power as indicated by the solid least-squares line. This result is consistent with a simple mass transport model of horizontal turbulent flow over a subliming solid precursor. Here a 0.8 power dependence of precursor transport on carrier flow would be expected. 72 Thus, inherent to this reservoir geometry is the fact that the carrier stream does not become saturated with an equilibrium pressure of precursor. In previous studies 46 using the same bubbler geometry, the Ba(hfa) 2 2 • mep. The BaF 2 deposition rate increases roughly to the 0.7 power of carrier flow as would be expected for nonequilibrium turbulent mass transfer of precursor into the carrier stream. The inset shows that deposition rate is directly proportional to precursor molar transport rate (as measured by precursor weight loss in reservoir), supporting mass-transport limited deposition kinetics. Deposition conditions: 100 sccm O 2 , 250 sccm H 2 O, Ar dilution to balance 500 sccm total flow, 5 Torr total pressure, and 720 ± C substrate temperature.
and assuming the ideal gas law), far below the equilibrium pressure of 0.2 Torr. 61 Similar precursor dilution effects resulting in nonequilibrium carrier concentrations are discernible in the results of other HTS MOCVD studies in which precursor transport rate and carrier flow data are reported. 58, 63, 76 Although the carrier stream is not saturated in the present configuration, it is possible to control precursor evaporation rate and thereby demonstrate that deposition rate is proportional to the metal-organic precursor gas phase concentration. The concentration of precursor (C prec ) in the reactant stream is simply described by Eq. (5) where dn͞dt is the molar transport rate and n total is the total reactant carrier flow. The inset of Fig. 10 shows that the
film deposition rate is directly proportional to precursor mass transport rate, and thus directly proportional to precursor concentration [Eq. (5)]. This observation is completely consistent with a mass transport-limited mechanism. If BaCaCuO(F) film growth is indeed mass transport-limited, then the composition of the deposited film should be the same as that of the gas phase. If it is kinetically limited, varying decomposition reaction rates of each precursor should afford film stoichiometries different from the gas phase. We exclude the unlikely possibility that each precursor exhibits nearly identical kinetic behavior. Table III shows that the gas phase Ba -Ca-Cu stoichiometry as measured by precursor weight loss is, within experimental error, identical to that of the deposited film as measured by ICP analysis, supporting a mass transport-limited process.
In the mass transport-controlled deposition regime, the film growth rate should be a sensitive function of the total gas carrier velocity. Figure 11 shows the effect of increasing total reactor pressure (with total reaction carrier gas at constant mass flow, thus decreasing velocity) on the BaF 2 growth rate. The film growth rate dramatically decreases at pressures above 6 Torr. Shown as a comparison is the dependence of precursor TGA sublimation rate on total pressure which parallels but is much less pronounced than the dependence of film deposition rate on total pressure. As pressure is increased, with constant reactant stream mass flow, the total reaction stream velocity decreases, and thus the supply of precursor to reaction zone decreases. Hence, a large decrease in deposition rate is expected and is observed. Also, at lower reaction stream velocities (higher pressures), the uniformity of deposition is compromised by thermal buoyancy effects perturbing reactant flow. 73 For the present precursor volatilities and flow rates, it is found that operating pressures of less than 5 Torr are necessary for uniform BaCaCuO(F) growth at useful growth rates (.20 nm͞min).
In a mass transport-limited process, the deposition rate is only moderately dependent on temperature, and there exists a temperature below which the kinetics of precursor decomposition become rate-limiting. [73] [74] [75] Thus, it is of interest to examine the BaCaCuO(F) deposition rate versus substrate temperature for the present precursors and reactor design, with the data shown in Fig. 12 . In this film growth experiment, the gaseous precursors Ba(hfa) 2 • mep, Ca(hfa) 2 • tet, and Cu(dpm) 2 were mixed with an O 2 Fig. 12(a) ]. In principle, the effect of H 2 O on the decomposition of these precursors may be significant since it could act as a protonolytic reagent to form volatile Hhfa by-products. [77] [78] [79] To explore this possibility, the above experiment was conducted without water in the oxidizing stream. The same general results were observed with mass transport-limited deposition of Ba and Ca beginning near 400 Fig. 12(b) ]. The deposition characteristics of Cu(dpm) 2 under the conditions of Fig. 12(b) are, however, markedly different. At 400 ± C, there is essentially no Cu deposition. A possible explanation is that the decomposition of Ba(hfa) 2 • mep and Ca(hfa) 2 • tet forms free or chemisorbed Hhfa which then transports (etches) Cu from the film as in Eq. (6). 77, 80, 81 Ba͑hfa͒ 2 ≤ mep 1 CuO surface°! Cu͑hfa͒ 2 1 mep 1 BaO surface .
For substrate temperatures of 500-800 ± C, the Cu deposition rate increases gradually. This is consistent with the etching process of Eq. (6), if at higher temperatures the subsequent decomposition of Hhfa or of Cu(hfa) 2 to CuO eliminates the etching pathway. The temperature versus deposition rate plot for Cu(dpm) 2 alone in Fig. 12(c) evidences a constant growth profile with film growth rate gradually increasing with increasing temperature. Clearly the abatement of CuO deposition at 400 ± C seen in Fig. 12(b) requires the presence of fluorinated precursors Ba(hfa) 2 • mep, Ca(hfa) 2 • tet, and the absence of H 2 O.
To test further the hypothesis that Cu can be removed from BaCaCuO(F) films as Cu(hfa) 2 , the volatile metal-organic by-products of the reaction Ba(hfa) 2 • mep 1 Ca(hfa) 2 • tet 1 Cu(dpm) 2 under codeposition conditions were trapped at 0 ± C after passing the gaseous mixture through a quartz tube at 400 ± C (as in Fig. 3 ). The trapped solid products were then analyzed by mass spectrometry (see Experimental Section for data). When the products of the MOCVD reaction at 400 ± C without H 2 O in the oxidizer stream [as in Fig. 12(b) ] were analyzed, both Cu(hfa) 2 and Cu(hfa) (dpm) were observed under conditions where CuO etching was prevalent. For the same experiment with H 2 O in the oxidizer stream [as in Fig. 12(a) ], Cu(hfa) 2 and Cu(hfa) (dpm) were also observed (without lowering of CuO deposition). Thus, trace ligand exchange is operative without simultaneous suppression of CuO deposition. The formation of mixed b-diketonate ligand complexes such as Cu(dpm) (hfa) is not surprising and has been observed in solution exchange experiments with Cu 21 b-diketonates. 82 It is important to note here that in control experiments, no Cu(hfa) 2 is detected in trapped products from the carrier stream that did not pass through a hot reaction zone. Thus, detection of Cu(hfa) 2 is not an artifact of the mass spectrometry experiment, nor is ligand exchange prevalent in the carrier stream at 150 ± C. Exchange of polyether ligands in Ba(hfa) 2 • mep 1 Ca(hfa) 2 • tet is evidenced by the mass spectrometric observation of [Ba(hfa) • tet].
1 When freshly synthesized powders of Ba(hfa) 2 • mep and Ca(hfa) 2 • tet are mixed and introduced into the mass spectrometer, this polyether exchange is also observed. Thus, we cannot distinguish between polyether ligand exchange in the carrier stream or as an artifact of the mass spectrometry experiment.
C. BaCaCuO(F) film deposition process
Although the present MOCVD process is chemically complex, thin films of uniform composition over relatively large substrate areas can be readily grown. The conditions for the growth of BaCaCuO(F) films with a 2 : 1 : 2 Ba : Ca : Cu cation stoichiometry are given in Table I . The present simple, modular reactor design affords a uniform deposition rate of 20 nm͞min with 65% variation in measured thickness over a 16 cm 2 area. Randomly oriented crystalline phases of BaF 2 , CuO, Ca 2 CuO 3 , and BaCu 2 O are observed 83 in the deposited films by x-ray diffraction (Fig. 13) .
As a consequence of using fluorine-containing metal-organic precursors, BaF 2 is readily incorporated in the films. To reduce the fluoride content, H 2 O is added to the oxidizer stream to remove fluorides, presumably as volatile HF. It was found that relatively FIG. 13 . u-2u x-ray diffraction scan of a BaCaCuO(F) film grown on (110) LaAlO 3 under conditions given in Table I. high deposition temperatures (780 ± C) are required to remove all fluorides in situ. Figure 14 shows thin window EDX data for BaCaCuO(F) films grown between 733 ± C and 780 ± C with H 2 O in the oxidizer gas stream. It can be seen that fluorides are readily removed at film growth temperatures approaching 780 ± C, presumably as in Eq. (7).
The films deposited at higher temperature have high crystal growth rates, resulting in rough morphological features. This is illustrated in the scanning electron micrograph of Fig. 15(a) grown at lower temperatures to achieve smoother morphology and greater film compositional homogeneity.
D. Tl-2212 phase formation
In the present study, BaCaCuO(F) precursor films were annealed over a Tl 2 O 3 : BaO : CaO : CuO (1 : 2 : 1 : 2) pellet at various O 2 pressures and at temperatures between 720 and 895 ± C to form the superconducting Tl-2212 (see Sec. II for details). It was found that phase-pure Tl-2212 is produced more efficiently at annealing temperatures of 875, 820, and 720 ± C in atmospheres of 100, 10, and 0% O 2 , respectively. For annealing in 100% O 2 , the temperature window to form phase-pure Tl-2212 is 620 ± C, with a mixture of Tl-2212͞1212 phases being formed outside of this temperature window. The heating profile is also important in obtaining highest film quality with slow temperature ramps (2 ± C͞min) to 700 ± C being optimum. Films processed in this manner are shiny to the eye, and the surface morphology is dominated by evidence of a melt during phase formation as shown in Fig. 16(a) . Large, smooth platelets of ϳ20 mm dimensions and 50 nm step heights are seen by profilometry. Figure 16 ( b) shows a profilometry profile of the sample shown in Fig. 16(a) . Typical rms values of the surface roughness are 100 nm which result from small grains of non-c-axis aligned material growing on the c-axis oriented crystal surface. On top of the platelets, the crystal is very smooth with rms roughness values as low as 20Å. As annealing temperatures are reduced, surface morphology becomes smoother. In Fig. 16(c) , the rms roughnesses of Tl-2212 films (over a 200 mm scan length) are shown as a function of annealing temperature. At annealing temperatures below 860 ± C in O 2 , a noted improvement in film smoothness to under 10 nm rms roughness is seen.
It is important to note that no fluoride-containing phases are detected by windowless EDX, Auger analysis (,0.1% resolution), nor by XRD in Tl-2212 films produced from MOCVD-derived BaCaCuO(F) films grown at 500 ± C. Residual fluoride is presumably removed during the anneal as TlF, which is volatile and thermodynamically favored with respect to Tl 2 O 3 . [84] [85] [86] Thus, the overall reaction can be described as in Eq. (8) . This efficient removal of fluorides allows the use of fluorinated metal-organic precursors at lower deposition temperatures.
E. Tl-2212 film characterization
To characterize the microstructure of the MOCVDderived Tl-2212 films, x-ray diffraction techniques were first employed. Au-2u x-ray diffraction scan [ Fig. 17(a) ] shows phase-pure Tl-2212 resulting from annealing an MOCVD-derived BaCaCuO(F) film on (110) LaAlO 3 substrate with a bulk Tl-2212 pellet at 875 ± C. Only (001) reflections are observed. Indicating that the film is highly c-axis oriented. A u-rocking curve (a further measure of c-axis orientation) exhibits a full width at half maximum of 0.38 ± [ Fig. 17( b) ], which is comparable to values for typical PVD-derived films. 24 An in-plane f-scan [ Fig. 17(c) ] shows the relative orientation of the cell axes within the a-b plane. Reflections appear every 90 ± as expected for an epitaxial, tetragonal TBCCO film. Figure 17 (c) also shows the pseudo-cubic ͕101͖ reflections of the LaAlO 3 substrate with overlapping f angles, thus indicating registry of the Tl-2212 a-b axes with the substrate pseudo-cubic a-b axes.
To examine further the epitaxial growth of the present Tl-2212 films, cross-sectional, high resolution TEM was employed. Figure 18(a) illustrates some of the typical features observed in the MOCVD-derived films, namely a film thickness of about 3500Å, a c-axis which is generally perpendicular to the substrate surface plane, and a sharp interface between the substrate and the film. Some granular features are identifiable in the film by the inhomogeneous image contrast. Usually these features are associated with very small misorientations (one part of the crystal may be tilted a degree or so), but some may also be due to second phases. More significant lattice misorientations between grains in the Tl-2212 film are also observed. A very different orientation is observed for the grain marked by an asterisk (the c-axis not parallel to the surface normal). This misoriented growth corresponds to the large features seen in profilometry measurements. There is no evidence of any correlation between the misoriented grains in the film and the microstructure and morphology of the substrate. Strain field contrast is seen at the Tl-2212 interface with periodicity of about 200Å, in agreement with the nonnegligible lattice mismatch between the Tl-2212 film and the LaAlO 3 substrate. The lattice mismatch can be distinguished directly in the corresponding selected-area electron diffraction (SAED) pattern shown in Fig. 18(b) . In Fig. 18(b) , reflections arising from the LaAlO 3 substrate are marked by black dots. Based on the pseudocubic perovskite structure for LaAlO 3 , the orientation relationships between the substrate and the film can be described as (001) Figure 18 (c) shows a high-resolution electron microscopy (HREM) image of another area of the film. The Tl-2212 structure can be distinguished for the film, and the substrate/film orientation relationships determined by the SAED patterns can also be verified. The substrate/film interface is abrupt. However, on this scale an interfacial layer with a severely disordered structure can also be seen. The thickness of this layer is about 4-5Å, but the origin and identity of the layer has not yet been established. It is also observed from these HREM images that the presence of small steps (a fewÅ in height) does not disrupt the epitaxial growth of the Tl-2212 films.
High resolution energy-dispersive x-ray spectroscopy (EDS) was performed to look for interdiffusion at the interface. Diffusion of Al into the films was detected in some but not all interfacial areas. Our preliminary analyses suggest an Al content of ϳ1 at. % near the interface, based on a normalization with the Cu signal. No La signal was observed in these spectra, so it is unlikely that this is a spurious signal from the substrate.
Transport measurements provide further indications of film properties. The resistance versus temperature behavior of a MOCVD-derived Tl-2212 film grown in the present study [ Fig. 19(a) ] indicates T c 103 K. Shown in Fig. 19(b) is an inductive T c measurement on a Tl-2212 film revealing a sharp transition, and supporting Tl-2212 phase purity, i.e., showing no response from intergrowths of the lower T c Tl-1212 phase. Several films were patterned using standard photolithography and EDTA etching to define an 80 mm wide microbridge structure. Critical current density results from dc and pulsed transport measurements at fixed temperature appear in Fig. 20 Figure 21 shows surface resistance data from two Tl-2212 films, performed in a parallel plate resonator configuration. This measurement yields R s 0.40 mV at 5 K, 10 GHz, which is suitable for microwave applications.
IV. DISCUSSION
A. Metal-organic precursor design and characterization
Efficient MOCVD processes rely critically on the availability of high purity metal-organic precursors with high, stable vapor pressures. An efficacious approach to such precursors is to minimize molecular oligomerization by saturating the metal coordination sphere with sterically hindered and/or fluorinated ligands. Of equal importance is that the precursor have suitable reactivity under film deposition conditions and not undergo significant prior gas phase decomposition. With regard to precursor design, b-diketonates form volatile complexes with most metals and offer great chemical versatility. One modification strategy is to use sterically encumbered substituents such as the t-butyl groups in the dpm ligand to saturate the metal coordination sphere. However, with large ionic radius dipositive ions such as alkaline earths, the dpm ligand alone is frequently ineffective in saturating the coordination sphere, and thereby also ineffective in reducing lattice oligomerization. Hence, dpm complexes of Ba 21 , Sr 21 , and Ca 21 are seldom monomeric and usually exhibit low volatilities. [51] [52] [53] [54] [55] [56] [57] [58] [59] To achieve suitable vapor pressures, these dpm compounds must be heated to near the respective decomposition temperatures, resulting in unstable vapor pressure characteristics and unreliable CVD processes. Another attractive strategy for precursor design is to use electron-withdrawing fluorinated ancillary ligands to reduce van der Waals interactions and to promote the coordination of additional neutral, basic ligands, further saturating the metal coordination sphere. This approach has been successfully applied to complexes such as Ba(hfa) 2 • tet, which sublimes as a monomer at temperatures ϳ100 ± C less than does Ba(dpm) 2 . 45, 60 The electron-withdrawing hfa ligand is crucial since polyether adducts of Ba(dpm) 2 readily dissociate below the respective sublimation temperatures. 51, 61 The fluorinated b-diketonate/polyether adduct class of precursors has been employed in the MOCVD growth of high-quality HTS films. 33, 45, [88] [89] [90] [91] A further improvement has been to lower the melting point since liquid precursors eliminate vapor pressure instabilities arising from sintering-related variations in powder surface area. A successful approach to lowering the precursor melting point has been to modify the coordinating polyether. Using unsymmetrical polyethers, Neumayer et al. developed volatile precursors such as Ba(fha) 2 • methylbutylhexaglyme (mp 52 ± C), 64 and the related Ba(hfa) 2 • mep ( Fig. 5 ; mp 110 ± C) which is used as a liquid Ba precursor in the present study. Alternatively, long-chain, fluorinated b-diketonates afford lower precursor melting points as in Ba(tdfnd) 2 • tet (tdfnd tetradecafluorononanedionate) having mp 72 ± C 92 and demonstrated viability in MOCVD growth processes. 92 In order to have a controlled MOCVD process, the vapor pressures of the metal-organic precursors must be thoroughly characterized. However, many HTS metal-organic precursors exhibit low vapor pressures (,0.2 Torr under usual deposition conditions), rendering traditional vapor pressure measurements difficult and possibly irrelevant if diffusion effects dominate the transport process. Such vapor pressures are typically measured with a manometer using a rigorously sealed, evacuated chamber. 93 This procedure can incur significant inaccuracies due to formation of decomposition products and other volatile impurities. With great care, reliable data can be obtained 53, 61 ; however, no information about diffusion effects is obtained. It is thus important to have a convenient and reliable method to compare volatility, diffusion, and stability in a MOCVD environment for newly developed precursors. Evaporation rate measurements are often related to equilibrium vapor pressure by the Knudsen-Langmuir equation [Eq. (9)], 94 j aP E ͑M͞2pkT͒ 1/2 (9) where j is the evaporation rate per unit area, a is the condensation coefficient, P E is the equilibrium partial pressure, M is the molecular weight, k is the Boltzmann constant, and T is temperature. However for many MOCVD precursors with partial vapor pressures above 10 24 Torr, diffusion and surface cooling effects become large, rendering the relation to equilibrium pressure inexact. 93 There are several recent examples of reduced pressure TGA being used to study the volatility of MOCVD precursors. 52, 59, [95] [96] [97] Takahashi et al. used the classic Langmuir relation [Eq. (9) ] to describe the volatility of organic monomers for vapor deposition/polymerization. 96 However, the condensation coefficient a for organic powders is difficult to determine without knowledge of the equilibrium vapor pressure and can vary from unity by several orders of magnitude. 98 Chou et al. measured dynamic evaporation rates of Ba(dpm) 2 , Ca(dpm) 2 , and Cu(dpm) 2 at 20 Torr total pressure, which is near typical low-pressure MOCVD conditions. 52 They reported a decrease in sublimation rate with time, which they attributed to sintering and change in precursor filling height in the sample pans. Diffusion data were not obtained, and the effects of sintering were not discerned from sample preparation effects. Here we report a simple reduced pressure TGA experiment that allows measurement of the product of the diffusion coefficient times the equilibrium vapor pressure of a MOCVD precursor. This allows a comparison of precursor transport characteristics in the MOCVD film growth environment. With the equilibrium vapor pressure of the compound known, the diffusion coefficient can then be estimated.
The observed diffusion effects on precursor sublimation rate in the reduced pressure TGA experiment are significant with a 3-fold decrease for Cu(dpm) 2 over a distance of several mm at 5 Torr total pressure [ Fig. 7( b) ]. The apparent activation energies of vaporization (Table II) similarly show a strong pressure dependence as expected for a diffusion-limited process. Thus, since the sublimation rate is strongly dependent on diffusion, equilibrium vapor pressure data alone cannot be used to find the optimal temperature for a given transport rate in an MOCVD process unless evaporator design (large surface areas with low carrier flow) ensures that equilibrium pressures are obtained. At a given pressure (e.g., 5 Torr in this study), diffusion effects across the sample pan container can be normalized to a constant diffusion distance, and the volatilities of various precursors can be compared under typical MOCVD growth conditions. This comparison provides a gauge for relative precursor volatility, and this information is crucial in selecting precursor conditions for desired growth rate and film stoichiometry. The transport characteristics of several precursors for HTS growth are shown in Fig. 8 . The fluorinated Ba(hfa) 2 • tet and Ba(hfa) 2 • mep sources are clearly more volatile than Ba(dpm) 2 and sublime at temperatures far below their respective decomposition temperatures. This characteristic is critical for MOCVD process control since a decomposing precursor will produce an unstable vapor pressure, and film stoichiometry will therefore be uncontrollable. Also of interest is that Ba(hfa) 2 • mep is a liquid at typical precursor temperatures (which further aids in growth reproducibility) and exhibits ϳ33 the volatilization rate of Ba(hfa) 2 • tet at 120 ± C. High precursor volatility is important, but also critical is the demonstration of long-term vapor pressure stability. The reduced pressure TGA method is effective for examining this stability. It was also determined (Fig. 9 ) that Ba(hfa) 2 • tet and Ba(hfa) 2 • mep have much improved vapor pressure temporal stability over Ba(dpm) 2 , which decomposes substantially over the course of several hours in what is roughly an exponential decay in volatility. In contrast, Ba(hfa) 2 • tet and Ba(hfa) 2 • mep volatilities are stable within the resolution of the measurement over the course of 85 h. In practical use, we find that these precursors are stable over several months of MOCVD growth experiments and can be used essentially to depletion. Thus, the fluorinated alkaline earth precursors with polyether ancillary ligands are a significant step forward in the MOCVD of HTS materials.
In summary, reduced pressure TGA is a powerful tool for measuring the transport characteristics of metalorganic precursors under HTS film growth conditions. This is a valuable means to characterize newly developed precursors and to determine conditions for optimum film growth. At typical MOCVD pressures, diffusion effects are substantial and reactor design must account for this. Fluorinated barium b-diketonate polyether complexes are demonstrably more volatile and stable for film growth with the added advantage of being liquid under film growth conditions. The stable vapor pressure combined with the constant liquid surface ensures a far more reproducible MOCVD process.
B. MOCVD film growth and deposition mechanism
The MOCVD process is complex and can be roughly described by the following five steps: (i) volatilization of the precursor into the carrier stream; (ii) transport of the precursor to the hot reaction zone; (iii) chemisorption of the precursor and other reactive species, with subsequent surface migration, and decomposition; (iv) surface migration of metal ions with formation of the crystalline solid film; and (v) elimination of the organic by-products. In some MOCVD processes, the second step has been shown to be rate-limiting, 62, [73] [74] [75] and reactor design considerations must provide a constant supply of gaseous precursor to the deposition zone area. As described in Sec. II, the present MOCVD reactor design, utilizing a laminar flow chamber with high aspect ratio, is employed to provide a uniform supply of precursor over a large substrate area. This design feature combined with precursors having stable vapor pressures facilitates the study of deposition kinetics.
To determine whether BaCaCuO(F) film growth kinetics are indeed limited by precursor mass transport, the relationship of precursor partial pressure to deposition rate must be analyzed. Figure 10 shows that as the carrier flow through the Ba(hfa) 2 • mep reservoir is increased from 0 to 150 sccm (with constant total carrier flow over the reaction zone), the BaF 2 deposition rate increases approximately to the 0.7 power of the precursor carrier gas flow, as expected for mass transport of a turbulent stream of subliming solid. Even though the carrier stream is not saturated with precursor, the mole-transport rate of the precursor is easily controlled by precursor temperature and carrier flow. The concentration of precursor in the reactant stream is simply described by Eq. (5). The inset of Fig. 10 shows that the film deposition rate is indeed directly proportional to precursor mass transport rate and thus directly proportional to precursor concentration. This observation is consistent with a mass transportlimited film growth mechanism. Table III also shows that the gas phase stoichiometry is, within experimental error, identical to that of the deposited film as required for mass transport-limited deposition.
By general definition, mass transport-limited kinetics occur when the deposition rate is controlled by the transport of precursors to the reaction zone, or equivalently, is not limited by the kinetics of decomposition for the chemisorbed species. At lower substrate temperatures, film growth processes can be in the kinetic regime where the reaction rate is limited by the decomposition reaction, and thus a strong dependence of deposition rate on substrate temperature (typically increasing exponentially with temperature) is seen. 74 At higher temperatures (mass transport-limited kinetics) there is a weak dependence of deposition rate on temperature.
From the study of precursor transport and deposition rate as a function of substrate temperature, we conclude that the MOCVD growth process for BaCaCuO(F) films is mass transport-limited from 350-650 ± C. Particularly, with Ba(hfa) 2 • mep, Ca(hfa) 2 • tet Cu(dpm) 2 , and an O 2 ͞H 2 O oxidizer stream, the onset of mass transportlimited kinetics begins near 350 ± C [ Fig. 12(a) ]. This result is interesting because for YBa 2 Cu 3 O 7 MOCVD using nonfluorinated Y(dpm) 3 , Ba(dpm) 2 , and Cu(dpm) 2 precursors, the onset of a mass transport-limited regime is reported at temperatures greater than ϳ600 ± C. 62 The decomposition of the present hfa coordinated ligands is apparently more facile, which is surprising since fluorinated ligands produce more Lewis acidic metal centers, which in turn form more stable adducts with polyethers. Since the film growth rates here are similar to those observed in other MOCVD studies with nonfluorinated precursors (ϳ20 nm͞min), 62 the depression in the onset temperature for mass transport-limited kinetics is not due to a lower mass transport rate. The present, large amount of H 2 O in the oxidizer stream [conditions for Fig. 12(a) ] could conceivably facilitate precursor decomposition by acting as a proton source to form volatile Hhfa by-products. [77] [78] [79] However, only a slight influence of H 2 O on the onset temperature for masstransport limited BaCaCuO(F) film growth is observed [ Fig. 12(b) ] and is surprising in view of the pronounced effect H 2 O has in accelerating the decomposition of Cu(hfa) 2 during Cu ± thin film growth. 77, 79 Interestingly, at 400 ± C, there is essentially no copper deposition. A possible explanation is that the decomposition products of Ba(hfa) 2 • mep and Ca(hfa) 2 • tet form Cu(hfa) 2 which then transports Cu from the film as in Eq. (4). There is precedent for Cu(hfa) 2 formation in the selective etching of Cu from Pd͞Cu surfaces 99 as well as from CuO. 77, 80 The temperature versus deposition rate plot for Cu(dpm) 2 alone in Fig. 12(c) shows a rather constant growth profile with the film growth rate gradually increasing with temperature. This is consistent with the results of Schmaderer et al. 62 which reveal a modest increase in CuO deposition rate from 400 -900 ± C with nonfluorinated precursors in similar kinetic studies. The diminution of CuO deposition at 400 ± C seen in Fig. 12(b) requires the presence of fluorinated precursors and the absence of H 2 O.
Mass spectral analysis of trapped by-products of the MOCVD deposition support a ligand exchange/etching mechanism, revealing the formation of Cu(hfa) 2 and Cu(hfa) (dpm). Although Cu(hfa) 2 is observed by mass spectral analysis with H 2 O in the oxidizer stream, the effect on stoichiometry is minimal since gas phase and film metal stoichiometries are nearly identical (Table II) . Large excesses of H 2 O appear to retard the Cu(hfa) 2 formation under these conditions and to reduce copper etching, resulting in a film stoichiometry being identical to gas phase composition. This is consistent with findings that H 2 O aids in the decomposition of Cu(hfa) 2 at temperatures as low as 250 ± C. 77, 79 From the study of deposition rate as a function of precursor transport and substrate temperature, it can be concluded that the primary mechanism of BaCaCuO(F) MOCVD growth is mass transport-limited with the present precursor and reactor system. H 2 O in the oxidizer stream has little effect on the onset of mass transportlimited film growth for BaO and CaO deposition; however, it does significantly affect CuO deposition. A ligand exchange mechanism is supported, therefore, by the observation of Cu(hfa) 2 as a by-product. With H 2 O in the reactant stream, Cu(hfa) 2 formation is effectively eliminated, allowing mass transport limited deposition over a large temperature range (350-700 ± C) for all three metals, resulting in a well-controlled MOCVD process.
C. BaCaCuO(F) precursor film deposition
Although the present MOCVD process is chemically complex, thin films of uniform composition over large areas can be readily grown. The conditions for the growth of BaCaCuO(F) films with 2 : 1 : 2 : Ba : Ca : Cu cation stoichiometry are given in Table I . The simple, modular reactor design affords a uniform deposition rate of 20 nm͞min (65% variation in measured thickness over a 16 cm 2 area). Due to the use of fluorinated metalorganic precursors, fluorides are readily incorporated in the film. Thus, to reduce the fluoride content, H 2 O is used in the oxidizer stream to remove fluorides [presumably as in Eq. (7)], as well as to stabilize the CuO deposition rate as previously mentioned. Furthermore, thin window EDX data for BaCaCuO(F) films grown between 733 and 780 ± C with H 2 O in the oxidizer gas stream show that fluorides are readily removed at temperatures approaching 780 ± C. The films deposited at higher temperatures have high crystal growth rates, resulting in rough morphological features, and evidencing significant segregation of elements. Also, at higher temperatures, thermal buoyancy effects reduce the effective area of uniform deposition to ϳ2 3 4 cm 2 . At lower growth temperatures, higher nucleation rates are seen, and film morphology is markedly smoother. The stoichiometry of the various grains is then identical within SEM͞EDX resolution. As described in the previous section, the fluoride content in the BaCaCuO(F) precursor films is not a critical factor, since it is removed in the subsequent thallination step. Thus, BaCaCuO(F) deposition can be carried out at relatively low temperatures (500 ± C) to produce smooth film morphologies and to grow uniformly over large areas.
D. Tl-2212 phase formation and film characterization
Due to the high vapor pressure of Tl 2 O over Tl-2212 at temperatures of phase formation (near 8 Torr) 100 , in situ film growth is difficult, with only a few examples of successful growth of the low-thallium Tl-1212 and Tl-1223 phases. 101, 102 An in situ route to high-T c Tl-2212 remains elusive, and all high-quality films produced to date have been grown in a two-step process in which thallination of a (Tl)BaCaCuO precursor film is achieved by vapor diffusion as in Eq. (10) . Typically a bulk pellet of superconductor is utilized to provide an equilibrium vapor pressure of Tl 2 O for a given growth temperature and oxygen pressure. The resulting Tl-2212 films appear highly reflective, and the surface morphology is dominated by evidence of a melt during phase formation 104, [108] [109] [110] [ Fig. 16(a) ]. As annealing temperatures are reduced, surface morphology becomes smoother, as has been qualitatively observed by other researchers. 108, 111, 112 At annealing temperatures below 860 ± C in O 2 , a notable increase in smoothness to under 100 nm is seen. XRD shows the epitaxial nature of film growth as demonstrated by c-axis orientation and in-plane alignment as determined by f scans. The cross-sectional transmission electron microscopy [ Fig. 18(c) ] highlights the sharp interface between the superconductor and LaAlO 3 substrate, proving epitaxial growth.
The transport measurements provide further confirmation of the quality of the present MOCVDderived films. Resistivity versus temperature behavior, shown in Fig. 19(a) , exhibits the linear temperature dependence typical of pure HTS cuprates, with the low extrapolated residual resistivity and the resistivity magnitude approaching single crystal values. Other single-phase, PVD-derived Tl-2212 films exhibit similar T c 's of 95 -105 K and similar normal state resistivity behavior. The lowest T c MOCVD sample, which was processed in a pure O 2 atmosphere, showed evidence of oxygen overdoping, which would suppress the T c value. The inductive measurements of the superconducting transitions for these films yield T c values that agree very well with the resistively determined T c values. This correlation indicates that the T c is uniform throughout the entire film. Figure 19 6 A͞ cm 2 . 113 The microwave surface resistance measured for two MOCVD-derived Tl-2212 films is R s (5 K) 0.40 mV at 10 GHz, which is comparable to the values achieved for PDV-derived films. 24 These results confirm that MOCVD growth processes can produce Tl-2212 thin films with the electrical properties acceptable for applications.
V. CONCLUSIONS
The successful MOCVD growth of Tl-2212 films as well as those of other HTS and non-HTS oxide materials relies critically on the availability of volatile precursors with stable vapor pressures. The reduced pressure TGA method described here allows the characterization of stable and volatile precursors such as Ba(hfa) 2 • mep, Ca(hfa) 2 • tet, and Cu(dpm) 2 in terms of precursor vapor pressure and diffusion effects. This method can be used as a powerful tool to assess the volatility of newly developed MOCVD precursors and to expeditiously target optimum film growth conditions. All of these precursors are suitably volatile for HTS MOCVD, and of particular importance is that liquid Ba(hfa) 2 • mep at 116 ± C has the same volatility as Ba(dpm) 2 at a temperature where decomposition of the latter is substantial (200 ± C in a total pressure of 5 Torr N 2 ). An efficient reactor design permits uniform deposition of BaCaCuO(F) films over a 5 3 5 cm 2 area and allows elucidation of the deposition kinetics for these hfa-based precursors. The BaCaCuO(F) film deposition process is mass transport-limited, with the onset of mass transport-limited growth at a remarkably low temperature of 350 ± C for a growth rate of 20 nm͞min. H 2 O in the oxidizer stream has little effect on the onset of mass-transport limited film growth rates for Ba and Ca deposition; however, it markedly affects CuO deposition. An interesting precursor ligand exchange process is evidence by the detection of Cu(hfa) 2 in the by-products, correlating with regimes of reduced CuO deposition. With H 2 O in the reactant stream, the CuO etching reaction is effectively eliminated, resulting in mass transport-limited deposition over the large temperature range of 350-700 ± C for all precursors. Thus, these fluorinated alkaline earth precursors can be implemented in a well-controlled MOCVD process.
The MOCVD-derived BaCaCuO(F) films are readily annealed in the presence of Tl 2 
